Edited by Velia M. Fowler Cells organize actin filaments into contractile bundles known as stress fibers that resist mechanical stress, increase cell adhesion, remodel the extracellular matrix, and maintain tissue integrity. ␣-actinin is an actin filament bundling protein that is thought to be essential for stress fiber formation and stability. However, previous studies have also suggested that ␣-actinin might disrupt fibers, making the true function of this biomolecule unclear. Here we use fluorescence imaging to show that kidney epithelial cells depleted of ␣-actinin-4 via shRNA or CRISPR/Cas9, or expressing a disruptive mutant make more massive stress fibers that are less dynamic than those in WT cells, leading to defects in cell motility and wound healing. The increase in stress fiber mass and stability can be explained, in part, by increased loading of the filament component tropomyosin onto stress fibers in the absence of ␣-actinin, as monitored via immunofluorescence. We show using imaging and cosedimentation that ␣-actinin and tropomyosin compete for binding to F-actin and that tropomyosin shields actin filaments from cofilin-mediated disassembly in vitro and in cells. Perturbing tropomyosin in cells lacking ␣-actinin-4 results in a complete loss of stress fibers. Our results with ␣-actinin-4 on stress fiber organization are the opposite of what might have been predicted from previous in vitro biochemistry and further highlight how the complex interactions of multiple proteins competing for filament binding lead to unexpected functions for actin-binding proteins in cells. . 3 The abbreviations used are: MDCK, Madin-Darby canine kidney cell; EGFP, enhanced green fluorescent protein; WB, Western blotting; FRAP, fluorescence recovery after photobleaching; shRNA, short hairpin RNA.
Stress fibers are conspicuous bundles of actin filaments composed primarily of actin, myosin II, ␣-actinin, and tropomyosin (1, 2) . The fibers span nearly the entire length of the cell and are anchored at both of their ends in focal adhesions. Although stress fibers are contractile (3) (4) (5) , their presence is anticorrelated with cell motility (6 -8) , but they are especially prominent in nonmotile cells that are strongly attached to rigid substrates (9, 10) or in vivo in cells that are exposed to mechanical stress (11, 12) , which gives them their name. They provide mechanical stability to cells and tissues by promoting strong adhesion and remodeling the extracellular matrix (2) .
␣-Actinin is a conserved, abundant, and ubiquitous F-actinbinding protein that bundles actin filaments in vitro (13, 14) and localizes to actin stress fibers in vivo (15) . Its role in stabilizing F-actin bundles in stress fibers seems axiomatic and has experimental support. Pavalko and Burridge (16) used a dominant-negative approach, which was the method available at the time, to test the role of ␣-actinin in stress fiber organization. They showed that proteolytic fragments of ␣-actinin injected into cells disrupted stress fiber organization (16) . Since then, five separate studies have used RNAi to show that ␣-actinin plays some role in assembling or maintaining actin stress fibers (17) (18) (19) (20) (21) . However, in addition to these studies, two other laboratories observed an increase in actin stress fiber mass in cells depleted of ␣-actinin (22, 23) . Although these authors did not investigate or discuss an underlying mechanism or examine the physiological significance of ␣-actinin depletion, discrepancies between their results and previous studies clearly show that the function of ␣-actinin in cells cannot be predicted easily from in vitro biochemistry.
To further understand the role of ␣-actinin in cellular actin organization, we reinvestigated the function of ␣-actinin in stress fiber organization and dynamics in kidney epithelial cells (MDCK). 3 MDCK cells make basal actin stress fibers, like many cell types throughout the kidney in vivo (24 -27) . In addition, the kidney expresses ␣-actinin-4, which is of particular interest in human health because mutations in ␣-actinin-4 cause an inherited kidney disease known as focal segmental glomerulosclerosis (28) .
Results
We examined the role of ␣-actinin in MDCK cells, which, like kidney, expresses ␣-actinin-4 (28, 29) . Fluorescence imaging showed actin stress fibers at the basal surface of polarized MDCK cells that were decorated with ␣-actinin-4 ( Fig. 1, A and  AЈ) . Stress fibers inserted end-on into focal adhesions marked by paxillin at either end of the bundle (Fig. 1, A and AЈ) .
To test the role of ␣-actinin-4 in stress fiber organization, we depleted it from cells using shRNA. Surprisingly, cells depleted of ␣-actinin-4 had more prominent actin stress fibers that were still anchored to paxillin-positive focal adhesions (Fig. 1B) . Note that the images of ␣-actinin-4 -depleted cells in Fig. 1B are to be compared with Fig. 1A of WT cells that were acquired with the same settings (the contrast of images in Fig. 1AЈ of WT cells was increased to better show the stress fibers). Quantification of the micrographs showed that more actin polymer is incorporated into stress fibers in the absence of ␣-actinin-4 than in its presence (Fig. 1C ), but stress fiber length remained the same (Fig. 1D ). Fig. 1F zooms in on examples of stress fibers, demarcated with arrows, that were used to quantify the images. Western blotting confirmed that ␣-actinin-4 protein was substantially depleted from the cells, and there was no detectable, compensatory increase in the expression of ␣-actinin-1 (Fig. 1 , E and G). Detecting the low amount of ␣-actinin-1 in these cells requires loading three times as much cell extract (60 g of total protein) and exposing the film for a long time (longer than 10 min compared with less than 30 s) when compared with probing for ␣-actinin-4 with either monoclonal or polyclonal antibodies for ␣-actinin-4.
To further test whether the brighter fibers were a consequence of a loss of F-actin-␣-actinin interactions, we overexpressed a mutant version of ␣-actinin-4 that lacked the actinbinding domain fused to GFP ( Fig. 2A) . We refer to this truncated version of ␣-actinin-4 as SREF because it contains the spectrin repeats and EF hand domain but lacks the actinbinding domain. Our expectation was that this mutant protein would form heterodimers with endogenous ␣-actinin, disrupt its ability to bundle actin, and decrease its binding to F-actin as the new protein will only have one actin-binding domain, which has a low affinity for actin (30) . To test whether SREF-GFP formed heterodimers with wildtype ␣-actinin-4, we immunoprecipitated the mutant protein with an antibody against EGFP and Western blotted with an antibody to the actin-binding domain of ␣-actinin-4. This experiment showed that the mutant protein was able to form heterodimers with the endogenous protein (Fig. 2C ). Fluorescence microscopy showed that Figure 1 . ␣-Actinin-4 depletion in MDCK cells leads to an increase in stress fiber mass. A, basal surface of WT MDCK cells stained for ␣-actinin-4, paxillin, and actin showing stress fibers. Micrographs have been adjusted the same as in B for comparison. AЈ, micrographs are same as above, but the contrast was adjusted to better show the stress fibers. Scale bars are 20 m. B, basal surface of ␣-actinin-4 -depleted cells stained for ␣-actinin-4, paxillin, and actin. C, graph of the mean average intensity Ϯ95% confidence interval of actin along filaments. The mean intensity is significantly greater in ␣-actinin-4 -depleted cells. D, graph of the mean fiber length Ϯ95% confidence interval in WT and AKD cells. The mean length is not significantly different in depleted cells. E, Western blotting, with molecular mass markers, of WT and ␣-actinin-4 -depleted cell lines demonstrating ␣-actinin-4 is depleted. F, region of interest from AЈ and B showing examples of actin stress fibers that were counted in WT cells and actinin-depleted cells. Stress fibers are marked with arrows. Scale bars are 20 m. G, Western blotting, with molecular mass markers, of WT and ␣-actinin-4 -depleted cell lines demonstrating ␣-actinin-1 is unchanged in actinin-4 -depleted cells.
␣-Actinin suppresses stress fibers cells expressing the mutant protein have more conspicuous stress fibers relative to cells not expressing the dominant-negative version of ␣-actinin-4 (EGFP-positive versus -negative cells in Fig. 2A ). Quantification of the mean actin fluorescence showed that actin fibers in cells expressing the dominant-negative version were brighter than nonexpressing cells ( Fig. 2B ). We interpret these results to mean that the mutant protein acts as a dominant-negative blocking ␣-actinin's interaction with actin in overexpressing cells. The consequence of inhibiting ␣-actinin's ability to bundle F-actin in cells is an increase in stress fibers.
We also knocked out ␣-actinin-4 in MDCK cells using CRISPR/Cas9 and selected for clonal cells that lacked expression of ␣-actinin-4. Western blotting demonstrated that there was no detectable expression of ␣-actinin-4 in these cells ( Fig.  2D ). Knocking out ␣-actinin-4 resulted in brighter and more pronounced stress fibers at the basal surface ( Fig. 2 , E and F). Thus, perturbing ␣-actinin function in MDCK cells using three different methods all result in more prominent stress fibers, not less.
The ␣-actinin-4 knockout cell line allowed us to test the ability of various ␣-actinin constructs to rescue the stress fiber phenotype. Expressing EGFP-tagged ␣-actinin-4 in the knockout cells rescued the knockout phenotype by reducing actin polymer mass within stress fibers back toward that seen in WT cells ( Fig. 3 , A, top panels, and B, 1st graph). ␣-Actinin-1 is another nonmuscle isoform highly homologous to ␣-actinin-4 (31) . We wanted to know whether ␣-actinin-1 could also rescue the knockout phenotype if we overexpressed it in the knockout cells. Indeed, overexpressing ␣-actinin-1 rescued the phenotype ( Fig. 3 , A, middle panels, and B, middle graph). Therefore, both ␣-actinin-4 and ␣-actinin-1 suppress stress fiber formation in MDCK cells.
Having established that loss of ␣-actinin expression or perturbing ␣-actinin's ability to bind F-actin produced more prominent stress fibers, we wanted to test whether we could decrease stress fiber mass by increasing the amount of ␣-actinin binding to actin. We used both WT ␣-actinin-4 and a point mutant (K255E) of ␣-actinin-4, which causes a large increase in the affinity of the protein for F-actin (28, 30) . If ␣-actinin was preventing formation of robust stress fibers through its actinbinding activity, then increasing expression in an ␣-actinin-4 knockout background should result in fewer and less prominent stress fibers. Also, it should take less K255E expression than WT expression to suppress stress fibers. Fluorescence imaging showed that K255E, like WT ␣-actinin-4, could rescue the phenotype of brighter stress fibers ( Fig. 3 , A, bottom panels, and B, last graph). Plotting the number of stress fibers in the cell as a function of ␣-actinin-4 expression, as determined from the mean EGFP fluorescence, showed that increasing expression of ␣-Actinin suppresses stress fibers either WT or K255E ␣-actinin correlated with the reduced numbers of stress fibers (Fig. 3C ). The quantification also showed that it required less K255E expression to suppress the number of stress fibers than it did for WT expression ( Fig. 3C ). This is consistent with our hypothesis that ␣-actinin binding to F-actin is suppressing stress fibers in MDCK cells.
Stress fibers are anticorrelated with cell movement (6 -8) . Rather than drive cell motility, stress fibers help cells generate strong adhesive contacts to the extracellular matrix, and adhesion can become so strong that it impedes movement (32) (33) (34) . MDCK cells do not move once they reach confluence, but they do move in response to wounding (35) . Cells might need to disassemble their stress fibers to allow them to move and repair the wound. We examined the fate of actin stress fibers following wounding of epithelial sheets in WT versus ␣-actinindepleted cells. Stress fibers in WT cells quickly dissolved in a gradient from the wound edge ( Fig. 4A ). In contrast, stress fibers did not disassemble in ␣-actinin-4 -depleted cells following wounding ( Fig. 4B ). Quantification of the results showed that the number of actin stress fibers proximal to the wound dropped precipitously in WT cells but not in ␣-actinin-4 -depleted cells demonstrating that actin stress fibers are less stable in the presence of ␣-actinin-4 than in its absence ( Fig. 4C ). Consistent with earlier results that stress fibers are anticorrelated with movement, ␣-actinin-4 -depleted cells did not advance as far into the wound as WT cells ( Fig. 4 , D versus E). To better understand the cellular basis of the wound-healing defect, we tracked cells during the 1st h of wound healing (Fig. 4 , D and E, and Videos S1 and S2). WT cells moved in a coordinated fashion into the wound (Fig. 4 , D and F). In contrast, the ␣-actinindepleted cells either moved very little or moved in random directions and often away from the wound edge ( Fig. 4 , E and G). To fully appreciate the movements we observed, we suggest watching Videos S1 and S2. To visualize the data in another way, we plotted the net distance traveled by the cells in Fig. 4 , D and E, where a positive movement is toward the wound and negative is away from the wound edge ( Fig. 4H ). WT cells made a 10-m net, average advancement into the wound over 1 h compared ␣-Actinin suppresses stress fibers with a 2-m net advancement by depleted cells. However, cells in the depleted monolayer also moved away from the wound edge as seen in the cell trajectories ( Fig. 4, G and H) . These results imply that actin stress fibers in ␣-actinindepleted cells are more stable than those in WT cells and demonstrate that loss of ␣-actinin in MDCK cells disrupts cell motility and wound healing.
To further test whether stress fibers are less dynamic in ␣-actinindepleted cells, we imaged actin flow in live monolayers. We expressed EGFP-actin in both WT and knockout cell lines and viewed the basal surfaces of these cells over a period of 10 min. Actin on the basal surface of WT cells was very dynamic with an overall inward flow of actin from the cell edge ( Fig. 5A and Video S3). Fig. 5 , B and C, shows representative kymographs generated from the two lines shown in Fig. 5A . The kymograph in Fig. 5B corresponds to line 1, which is drawn along the length of a stress fiber. It shows actin flux through the fiber toward the center of the cell. Fig. 5C is a kymograph corresponding to line 2 in Fig. 5A , which is drawn orthogonally across a few stress fibers. The kymograph shows the fibers being pinched toward a midline. All WT cells that were imaged showed these dynamics and flow (n ϭ 30). Because there is no accretion of actin polymer in the middle of the cell, the fast actin assembly and centripetal flux must be balanced by fast actin disassembly. In contrast, live imaging of EGFP-actin showed that actin stress fibers in ␣-actinin-4 knockout cells were far less dynamic than those in WT cells and showed little to no centripetal actin flow ( Fig. 5 , D-F, and Video S4). From the kymographs, we estimated the actin flow rate to be ϳ17 nm/s in WT cells in agreement with previous results (32) , but there was no detectable actin flow in knockout cells ( Fig. 5G ). Next, we wanted to test whether this was because of actin turnover dynamics. To test this, we imaged EGFP-actin-expressing cells after photobleaching areas along stress fibers ( Fig. 5H and Videos S5 and S6). We watched recovery of the bleached spots over time and visualized them in kymographs ( Fig. 5I ). When we quantified the recovery of the photobleached area for nine cells from each WT and depleted cells, we can see that the depleted cells are unable to recover as quickly as the WT cells ( Fig. 5J ). This suggests that there is a more stable pool of actin in the stress fibers of depleted cells. The live imaging further supports our hypothesis that ␣-actinin is maintaining stress fiber dynamics in MDCK cells.
Because stress fibers did not disassemble in ␣-actinin-4depleted cells following wounding, and because stress fibers appeared to be less dynamic in the live imaging, we hypothesized that ␣-actinin is somehow permitting actin stress fiber disassembly in the cell. Cofilin is the primary actin-binding protein driving actin filament disassembly (36) , and inhibition of cofilin-mediated actin filament disassembly is thought to promote stress fiber formation (37) . Cofilin activity is regulated through phosphorylation by LIM kinase, which inactivates cofilin preventing it from binding and severing actin filaments (38, 39) . To test whether actin stress fibers in ␣-actinin-4 -depleted cells were less susceptible to cofilin-mediated actin disassembly, we treated cells with the LIM kinase inhibitor, LIMKi 3 (40, 41) . In WT cells, stress fibers quickly disassembled within minutes of up-regulating cofilin activity by applying the inhibitor ( Fig. 6, A, upper panels, and B) . In contrast, actin stress fibers in cells depleted of ␣-actinin-4 resisted disassembly upon deactivation of LIM kinase ( Fig. 6, A, lower panels, and B) . The increased stability of stress fibers in ␣-actinindepleted cells could not be explained by changes in cofilin expression, and, if anything, cofilin levels were slightly increased in ␣-actinindepleted cells (Fig. 6C ) Western blotting showed that phosphocofilin levels were the same in both WT and ␣-actinin knockdown cells and confirmed that the LIM kinase inhibitor had the same effect on phospho-cofilin levels in both WT and ␣-actinindepleted cells (Fig. 6D ). Thus, actin stress fibers in ␣-actinin-4 -depleted cells are resistant to cofilin-mediated actin disassembly.
We hypothesized that another actin-binding protein might substitute for ␣-actinin for binding to stress fibers and confer ␣-Actinin suppresses stress fibers resistance to cofilin-mediated disassembly. Classic experiments have suggested that tropomyosin might compete with ␣-actinin for binding to F-actin (42, 43) , and tropomyosin stabilizes F-actin (44) . Immunofluorescence of tropomyosin 1 showed more tropomyosin-decorating actin stress fibers in the absence of ␣-actinin-4 than in its presence (Fig. 6 , E and F) providing a possible explanation for the increased stability of stress fibers in the absence of ␣-actinin. Increased loading of tropomyosin onto stress fibers in the absence of ␣-actinin was not due to an up-regulation of tropomyosin expression in MDCK cells (Fig. 7G, left lanes) .
One mechanism through which tropomyosin is thought to stabilize F-actin is by competing with cofilin for binding to F-actin (45, 46) . However, cofilin-mediated actin filament fragmentation is complicated and is highest when the filaments are partially decorated with cofilin (47, 48) . This opens the possi-bility that factors like tropomyosin that compete with cofilin for binding to the sides of actin filaments might promote filament severing as opposed to suppressing it, as has been shown for phalloidin, which also competes with cofilin for binding to F-actin (48). To distinguish whether tropomyosin promotes or inhibits cofilin-mediated actin severing, we imaged single actin filaments in the presence of cofilin and increasing concentrations of tropomyosin. Tropomyosin suppressed cofilin-mediated actin severing (Fig. 7, A and B) , which is consistent with previous results showing that tropomyosin stabilizes F-actin (45, 46, 49, 50) . Using cosedimentation, we found that ␣-actinin competes with tropomyosin for binding to F-actin ( Fig. 7, C and  D) . Similarly, increasing concentrations of tropomyosin could compete ␣-actinin off F-actin ( Fig. 7 , E and F). These in vitro experiments confirm that ␣-actinin and tropomyosin compete for access to the filament and provide an explanation for why stress fibers in cells lacking ␣-actinin-4 contain more tropomyosin.
If ␣-actinin maintains actin dynamics by preventing tropomyosin from loading onto actin stress fibers, then depleting tropomyosin in the ␣-actinin knockout cell line should result in diminished stress fibers as they would be susceptible to cofilinmediated disassembly. Tropomyosin 1 has been shown to stabilize actin filaments in vitro and is associated with stress fibers in cells (49) . We designed shRNAs against exons 7 or 8 of tropomyosin 1 because our analysis of the NCBI genome data shows that these exons are present in every known isoform of tropomyosin 1. We used a commercial antibody (see under "Materials and methods") raised against amino acids 1-284 of tropomyosin 1 to test whether the shRNAs could knock down expression of tropomyosin 1. According to the manufacturer, the antibody recognizes all known isoforms of tropomyosin 1 as well as tropomyosins ␤, ␥, and tropomyosin 4. Western blottings using this antibody revealed one band in cell extracts from WT cells (Fig. 7G, 1st lane) . Tropomyosin levels were not affected by knocking out ␣-actinin-4 ( Fig. 7G, 2nd lane) . Western blotting confirmed that we could deplete tropomyosin from the knockout cell line using the two different shRNAs directed against tropomyosin 1 (Fig. 7G, 3rd and 4th lanes) . Based upon these results, we conclude that tropomyosin 1 is the main tropomyosin family member expressed in MDCK cells. Fluorescence imaging of actin showed that depleting tropomyosin from cells lacking ␣-actinin-4 resulted in a dramatic reduction in stress fibers (Fig. 7H ). Greater than 95% of the ␣-actinin-4 knockout cells had prominent stress fibers, but only 10% of the tropomyosin-depleted cells had stress fibers (Fig. 7I ). From this, we believe that the prominent stress fibers in ␣-actinindepleted cells are a result of increased tropomyosin on those fibers, which in turn shields them from cofilin-mediated disassembly.
The results in cells suggest that cofilin can sever actin filaments in the presence of ␣-actinin-4 better than in the presence of tropomyosin. The bundling activity of ␣-actinin-4 made it too difficult to quantify severing by single-filament imaging. Therefore, we used a pyrene-based spectroscopy assay to monitor actin polymerization in the presence of cofilin and ␣-actinin-4 or tropomyosin. Actin polymerization is usually preceded by a long lag phase reflecting the kinetic barrier to the is AKD control-treated cells; bar 3 is WT cells treated with 1 M inhibitor; bar 4 is AKD cells treated with 1 M inhibitor; bar 5 is WT cells treated with 3 M inhibitor; and bar 6 is AKD cells treated with 3 M inhibitor. C, developed Western blotting probing cofilin levels in WT and AKD cells demonstrating no significant change in protein levels. D, developed Western blots of cells treated with DMSO or Lim kinase inhibitor and probed for phospho-cofilin. Both a short and long exposure are given. and 20 g of protein was added to each lane. E, micrographs of WT or actinin-depleted cells stained for actin and tropomyosin. Scale bars are 20 m. F, graph of the ratio of tropomyosin to actin along stress fibers in WT and depleted cells. The mean ratio was significantly greater in the depleted cells.
␣-Actinin suppresses stress fibers
formation of new actin seeds capable of polymerizing ( Fig. 8A,  brown circles) . ␣-Actinin-4 had little effect on the assembly kinetics ( Fig. 8A, blue triangles) . In the presence of cofilin, assembly was preceded by a long lag phase but then quickly accelerated because cofilin severing created more actin filament (ϩ) ends that could quickly grow (Fig. 8A, orange circles) . We can use this assay to test inhibition of cofilin-mediated severing. Fig. 8B shows the effect of increasing concentrations of ␣-actinin-4 on cofilin's ability to accelerate actin assembly. Interestingly, low concentrations of ␣-actinin-4 promoted cofilin-mediated severing, whereas higher concentrations either had no effect or slightly inhibited cofilin severing (Fig. 8B) . In contrast, tropomyosin only inhibited cofilin-mediated filament severing (Fig. 8C ).
Discussion
We have shown that ␣-actinin-4 suppresses actin stress fibers, limits the size of focal adhesions, and promotes (or permits) fast actin turnover dynamics. Physiologically, ␣-actinin-4 is important for wound healing in MDCK cells. Stress fibers normally dissolve rapidly in MDCK cells in response to wounding, but this is blocked in ␣-actinin-4 -depleted cells because ␣-Actinin suppresses stress fibers the fibers are too stable. The normally coordinated advance of interconnected cells into the wound is disrupted in ␣-actinin-4 -depleted cells, and some cells even moved away from the wound thus revealing an important role for this actin-bundling protein in collective cell migration.
Suppression of stress fibers and increased actin turnover dynamics are the opposite results of what we predicted for ␣-actinin. A number of previous studies showed that ␣-actinin is necessary for the formation of stress fibers and focal adhesions (16 -21) , which seemed consistent with its actin filament-bundling activity and its early identification as an integrin-binding protein that could link integrins to the actin cytoskeleton (51) . However, two other studies found an antagonistic relationship between ␣-actinin and stress fiber formation (22, 23) . Although those studies did not explore any potential mechanisms or physiological consequences, it is now clear that ␣-actinin's function in organizing the cytoskeleton depends on cell type or cell context.
The increase in actin polymer mass in stress fibers in ␣-actinin-4 -depleted cells might be due to a simple competi-tion between ␣-actinin, tropomyosin, and cofilin for sides of actin filaments. Cofilin is the primary actin filament disassembly factor necessary for fast actin turnover dynamics (36, 52, 53) . Tropomyosin, however, stabilizes actin filaments and shields them from cofilin action (45, 46, 54) . We found that although ␣-actinin can also compete with cofilin for binding to F-actin, ␣-actinin promotes cofilin-mediated severing at low concentrations and only starts to inhibit severing at high concentrations. ␣-Actinin-4 therefore helps maintain fast turnover dynamics by competing with tropomyosin while largely permitting or even promoting cofilin-mediated severing. In this model, increased actin polymer in stress fibers reflects slower actin turnover dynamics. Increased tropomyosin loading in ␣-actinin-4 knockdown cells could also account for the inability of these cells to dissolve actin stress fibers in response to wounding.
Alternatively, ␣-actinin's complex role in stress fiber formation might be explained, in part, by recent work that used biomimetic systems and simulations to understand how disorganized actomyosin networks generate contractile force (55) (56) (57) (58) . Unlike sarcomeres, which produce tensile force through myosin-dependent filament transport, disordered actin networks contract through myosin-mediated actin filament buckling (55, 58, 59) . Buckling dependent contractility requires the filaments to be highly connected. Therefore, buckling-mediated contractility is promoted by actin filament cross-linkers like ␣-actinin (55) that increase connectivity, but it is suppressed by factors that increase filament rigidity, like tropomyosin (60) . Transport-mediated contractility, however, does not require cross-linkers and is not affected by filament rigidity. ␣-Actinin-4 promotes buckling-mediated contractility by increasing the connectivity of the basal actin network and by preventing tropomyosin from binding to F-actin, which would stiffen filaments (61) . In addition, low concentrations of ␣-actinin permit cofilin binding making actin filaments more flexible (62, 63) and easier to buckle. Cofilin-mediated alteration of filament twist (64) can also create more ␣-actininbinding sites (65) to increase network connectivity (65, 66) . Finally, experimentation and computation show that a degree of filament turnover, which cofilin provides, is necessary for contractility of disordered actin networks (67, 68) . In all events, loss of ␣-actinin decreases the connectivity of the actin network while freeing space for tropomyosin to bind to the sides of actin filaments to increase their rigidity. These changes cause the basal actin network to convert from a buckling dominated regime that produces biaxial contractility and centripetal and cortical actin flow to a sliding regime that produces uniaxial stress fibers ( Fig. 9 ).
Buckling-dependent biaxial contractility in vitro using a minimal system of actin, myosin, and cross-linker produces stable actin filament asters (55) , but stable asters do not accumulate in MDCK cells. The most likely reason is actin turnover dynamics. Even though ␣-actinin can suppress cofilin-mediated severing, it is not as effective as tropomyosin. In fact, we find that lower concentrations of ␣-actinin-4 promote cofilin-mediated severing. Furthermore, cofilin is thought to preferentially sever bent filaments (66) , and ␣-actinin cross-linking promotes myosindependent filament bending. Finally, ␣-actinin itself can pro- Figure 8 . ␣-Actinin enhances cofilin-mediated severing at low concentrations and blocks or has no effect at higher concentrations. However, tropomyosin blocks cofilin-mediated severing of filaments in vitro. A, graph of a pyrene assay demonstrating how cofilin enhances actin polymerization, and ␣-actinin has no effect. B, graph of a pyrene assay demonstrating that low concentrations of ␣-actinin enhance cofilin-mediated severing and high concentrations either have no effect or inhibit cofilin severing. C, graph of a pyrene assay demonstrating that tropomyosin inhibits cofilin-mediated severing of actin filaments in a concentration-dependent manner.
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mote myosin-dependent filament fragmentation that occurs during buckling (55) . All of these mechanisms help explain how ␣-actinin contributes to fast actin turnover dynamics to prevent the formation of stable asters and maintain a constant, centripetal actin flux on the basal surface. How disordered actin networks remain sufficiently interconnected to contract in the face of high cofilin severing rates is a challenge for the future with computational approaches providing a framework for future studies (67) . Perhaps a highly cooperative mode of actin filament disassembly (69, 70) can replenish actin monomer pools necessary for polymerization without having to sever many actin filaments.
␣-Actinin is also involved in focal adhesion assembly, and ␣-actinin-4's effect on stress fibers could be a downstream consequence of its effects on focal adhesions. In most systems examined thus far, ␣-actinin promotes focal adhesion growth and stabilizes the linkage between focal adhesions and actin stress fibers (17, 23, (71) (72) (73) (74) . The opposite is true in MDCK cells where loss of ␣-actinin-4 produces bigger focal adhesions. Whether the primary function of ␣-actinin in stress fiber formation is to control actin dynamics or focal adhesion dynamics will probably depend on cell type, cell context, and the mode of stress fiber formation operating in them.
Materials and methods

Cell culture and constructs
MDCK II cells were maintained in and all experiments were performed in minimal essential medium with L-glutamine and 5% bovine calf serum. Cells were grown at 37°C and 5% CO 2 . Iron-supplemented calf serum was from VWR product no. 2100-500, lot 141A15. Media were changed every 3 days. To make the ␣-actinin knockdown cell line, we used the shRNA cloning plasmid pLKO.1-TRC cloning vector. This was a gift from David Root (Addgene plasmid no. 10878) (58) . The target sequence was designed using the broad institute GPP web por-tal, and we followed the Addgene protocol as described on line. The target sequences used were shRNA#1 GCTCAAT-GAGCTGGACTATTA and shRNA#2 GGCCACCCTGTCG-GATATTAA; the cell line was made from a transfection of both. After 1 week of selection, all positive colonies were kept and used as the cell line. The AKD cell line, as well as WT cells, were frozen in aliquots at this time point and stored for future use.
For making the ␣-actinin-4 knockout cell line, WT MDCK cells were transfected with CRISPR/Cas9 plasmid px459. pSpCas9(BB)-2A-Puro (PX459) V2.0 was a gift from Feng Zhang (Addgene plasmid no. 62988) (59) . The sequences used were designed using the Broad Institute webpage (http:// portals.broadinstitute.org/gpp/public/analysis-tools/sgrnadesign) and the RGen website to check for off-site targets (http://www.rgenome.net/cas-offinder/) (60) . 4 Target sequences used were as follows: 1) CGGAATGGTGGACTACCACG; 2) GGTACGACTGGTTCGCCGCG; and 3) ACAGATAGA-GAACATCGACG. Cells were transfected as before; however, 24 h after transfecting, they were trypsinized and placed into fresh media with 4 g/ml puromycin and left for 24 h of selection. Then the media were replaced with fresh media lacking puromycin. 48 h after selection and 4 days after transfection, the cells were trypsinized again and diluted to single cells in multiwell plates. After 1 week, the plates were split in two, and cells were checked for expression of actinin using an antibody and immunofluorescence. Wells lacking fluorescence were selected, and those cells were checked again using Western blottings, and negative clones were saved. One clone was used for further experiments and that came from using target sequence 1. Also target sequence 2 failed to give any knockouts.
␣-Actinin constructs were all cloned into the plasmid pLenti-III-HA from abmGood. First, we cloned EGFP into pLenti-III-HA either in between NheI-ClaI or XbaI-XhoI to make plasmids pLGN or pLGC, respectively. ␣-Actinin that lacked the ABD was cloned into pLGN from EcoRI to XhoI. ␣-Actinin-4 WT and K255E were cloned into pLGC from KpnI to EcoRI. pEGFP-N1 ␣-actinin 1 was a gift from Carol Otey (Addgene plasmid no. 11908) (61) . Rescue lines were made by transfecting the knockout cell line with the constructs mentioned above and selecting with drugs 48 h after transfection by plating into fresh media with selection. The cells surviving were collected and maintained as a heterogeneous mixture. EGFPactin was cloned into pLenti-III-HA into sites NheI and XbaI. EGFP-actin cell lines were made as above where the parent cell line was transfected and then positive cells were selected 48 h after transfection for 1 week, and all positive cells were collected into a new cell line. For knocking down tropomyosin in the ␣-actinin-4 knockout cell line, we transiently transfected the knockout cell line with tropomyosin shRNA, and images and Western blottings were performed on cells 48 h after transfection. Tropomyosin shRNAs were designed as described above, except that we chose to target dog exons 7 and 8 of dog TPM1 to have the highest probability of knocking down any tropomyosin 1 isoforms. The target sequences were sh1, TCGCA- In the presence of ␣-actinin, a highly interconnected network of disordered actin filaments forms at the basal surface of cells that undergoes biaxial contraction through filament buckling. In the absence of ␣-actinin, network connectivity is lost, favoring stress fiber formation. Loss of ␣-actinin also allows tropomyosin to bind to F-actin, which stiffens the filaments to further inhibit buckling and favor stress fibers. Pink arrows show the directions of contractile forces. See under "Discussion" for further details.
␣-Actinin suppresses stress fibers
GAAGGAAGACAAATAT, and sh2, GGAGAGGTCAGTA-ACTAAATT.
Antibodies and reagents
Secondary antibodies were all purchased from Life Technologies, Inc. Primary antibodies used were mouse anti-␣actinin-4 (1:100 immunofluorescence; 1:1000 WB), rabbit anti-tropomyosin (1:100 immunofluorescence; 1:500 WB), and rabbit anti-myosin IIB (1:100 immunofluorescence), from Santa Cruz Biotechnology SC393495, SC28543, and SC47204, respectively. Mouse anti-paxillin (1:100 immunofluorescence) was purchased from BD Transduction Laboratories catalog no. 612405. Rabbit anti-␣-actinin-4 was produced in-house and described before (25) . Mouse anti-␣actinin 1 (1:200 WB) was purchased from Abnova H00000087-M01A. All ␣-actinin-4 antibodies used detect the N terminus of ␣-actinin-4 and do not cross-react with other actinins. Mouse anti-GFP 12A6 used in the immunoprecipitation experiments was obtained from Developmental Studies Hybridoma Bank (DSHB). FITC-phalloidin was purchased from American Peptide product no. 92-0-11A and diluted in DMSO to 1 mg/ml as a stock solution and frozen in small aliquots at Ϫ20°C. Working aliquots were kept at 4°C to prevent freeze-thaws and used within a couple of months. Working concentration of phalloidin was 1 g/ml. Formaldehyde was purchased from Polysciences Inc., catalog no. 18814, and aliquots were made and kept at Ϫ20°C until used. (Ϫ)-Blebbistatin item 13013 was purchased from Cayman Chemical Co., and a stock solution was made at 100 mM in DMSO. Lim kinase inhibitor, LIMKi 3, was purchased from Tocris Bioscience 4745, and stock solution was 20 mM in DMSO. All stocks were kept at Ϫ20°C. Working concentrations were 50 M blebbistatin and 1 or 3 M Lim kinase inhibitor. ProLong Gold was purchased from Life Technologies, Inc. Collagen type 1 was purchased from BD Biosciences, and a stock solution was made at 50 g/ml in 0.02 N acetic acid and kept at 4°C. Working solution was made fresh the day of use and was diluted from the stock solution to 0.5 g/ml into 0.02 N acetic acid.
Cell experiments
Cells were plated on glass coverslips coated with 0.5 g/ml collagen. This was accomplished by placing 300 l of the solution onto coverslips and incubating for 30 min in the cell incubator. Collagen was then removed, and medium was added to the dish. Cells were plated on coverslips such that they reached confluence within 48 h. All experiments took place 24 h after cells reached confluency, which was 48 -72 h after being plated on the coverslips. For the wounded monolayer experiment, a monolayer of cells was poked with an 18-gauge needle that was grounded flat and sharpened to resemble a hole punch. The monolayer was then poked with the needle. In our hands this allowed for monolayers to be wounded without cells being ripped off the coverslip during wounding. Cells were then processed 30 min after wounding. Live cell wound-healing experiments were performed by first incubating monolayers, created as before, with PBS with Mg 2ϩ but not Ca 2ϩ for 10 min. The monolayers were then scratched with a 18-gauge needle, and fresh medium was added. Monolayers were allowed to recover for 10 -30 min until the first lamellipodia was seen. Then, the coverslip was placed on top of two layers of silicone tape attached to a glass slide. We cut out a square in the tape just smaller than the coverslip, and the sides of the silicone tape were sealed to the coverslip with lanolin. Medium was added to the chamber, and the coverslip was placed upside down into the chamber sealing the cells into the chamber with medium. The bottom of the coverslip, now facing up, was washed, and then the slide was placed onto the microscope and imaged via phase contrast for 60 min with micrographs taken every minute. For drug experiments, the medium was removed, and the drug or DMSO control was added, and then the medium was immediately replaced to the dish. Cells were then processed for staining and imaging. For the Lim kinase inhibition where we blotted for phospho-cofilin, 35-mm dishes of cells were processed as the fixed samples, but after 30 min of drug treatment, the medium was replaced with 300 l of 1% SDS in fixation buffer. The cells were removed and placed through a needle to shear the DNA. Protein concentration was calculated, and 20 g was added per well for each condition and then processed for blotting using anti-phospho-cofilin antibody from Santa Cruz Biotechnology (sc-12912-R). Cells used for immunofluorescence were fixed in 0.5% formaldehyde in fixation buffer (10 mM Hepes, pH 6.8, and 150 mM NaCl) for 15 min at room temperature. Then the buffer was removed and replaced with fixation buffer with 0.5% Triton X-100 and 100 mM glycine and incubated for 60 min at room temperature. Then primary antibodies were added in fixation buffer and incubated with the cells for 60 min at room temperature. Cells were then washed two times in fixation buffer. Secondary antibodies were then added in fixation buffer for 30 min at room temperature, and cells were washed twice. Coverslips were then mounted onto glass slides with ProLong Gold. Micrographs were taken using a ϫ20 objective lens for fixed wound-healing experiments, with a ϫ10 objective for live cell experiments, and with a ϫ63 objective lens (NA 1.4) for all other experiments attached to a 1000 ϫ 1000 charge-coupled device camera (ORCA-ER; Hamamatsu Photonics) on a Zeiss AxioImager with the Colibri illumination system using Axiovision Zeiss acquisition software (Carl Zeiss). Live cell experiments where we imaged EGFP-actin were performed using 35-mm Petri dishes from Matek Corp., part no. P35G-1.5-14-C. Images were taken every 5 s for 10 -20 min. Only the first 10 min were analyzed for quantifications because after 10 min of imaging the cells started showing signs of phototoxicity. Data were collected on a DeltaVision OMX V4 microscope (GE Healthcare) with solid-state illumination using a ϫ100 (N.A. 1.4) oil immersion objective (Olympus) and an EM-CCD camera (Photometrics Evolve).
For FRAP experiments, cells were grown as above and imaged on a Zeiss LSM710. For the immunoprecipitation experiment to test whether mutant ␣-actinin lacking the actin-binding domain could form heterodimers with endogenous full-length protein, we used the monoclonal antibody DSHB-GFP-12A6, which was deposited to the DSHB (DSHB Hybridoma Product DSHB-GFP-12A6). We used 10 g of either the GFP or a control IGG antibody to demonstrate that the overexpressed mutant protein was able to form heterodimers with the WT protein as expected. Mouse antibodies ␣-Actinin suppresses stress fibers were bound to protein G beads. Then a cytoplasmic extract from two 10-cm confluent dishes of overexpressing cells was created for each the control and anti-GFP beads. The confluent dishes were first washed in PBS and then placed in a total of 2 ml of RIPA buffer. The cells were scraped off the dishes and then lysed through a 30-gauge needle. The extracts were spun for 10 min at 10,000 ϫ g to remove insoluble material. The supernatant was considered the cytoplasmic extract, and this was placed over columns with control or anti-GFP beads. After binding, the columns were washed with 10 column volumes of RIPA and RIPA with 500 mM NaCl. Then the columns were eluted with 200 mM glycine, pH 2.3. 10% of the eluate was run on a 10% SDS-polyacrylamide gel and transferred to nitrocellulose. Then we probed for full-length ␣-actinin.
Quantification of cell experiments
Images were processed using Fiji software (62) . All graphs were made using GraphPad software, and p values were calculated using the Student's t test in the software program. All error bars are 95% confidence interval for the data, except for the severing graph where we used standard deviation. For filament length and intensity in Fig. 1, 50 filaments were measured using the line scan in Fiji, and lengths were measured along filaments between paxillin puncta. For those same filaments, the mean intensity was measured and that was the intensity used. For the wounded monolayers, three different monolayers of cells were wounded, and images were taken of the wound edge and continuing distally. Fibers were counted manually in the image. The total number of fibers counted was divided by the total number of cells in the image to give us the number of fibers per cell. This number was used, and Fig. 4C shows the bar graphs of the averages from the three experiments. The total number of cells used were as follows: AKD 73 cells proximally and 181 distally; WT 88 proximally and 172 distally. Proximal cells were considered as within the first three cell layers, and distal were more than 30 cell layers away from wound edge. For Fig. 6B , the fibers were counted manually in Fiji, and total fibers counted in a given image were divided by the total number of cells in the image. Six images were used from three different replicates. A total of 200 or more cells were counted for each experiment. For Fig. 6F , the mean actin and tropomyosin intensities were measured along 20 different stress fibers in both WT and AKD cells. These numbers were used to make the ratios used in the graphs. For Fig. 4 , D-G, the Cell Tracker program was used (Piccinini et al. (76) ). 20 cells were chosen from either Video S1 (wildtype) or Video S2 ␣-actinin-4 -depleted cells), and their movements were calculated using the semi-automated function and only adjusted if the program was unable to maintain the cell position over time. In Fig. 4H , net distances traveled toward (positive) or away (negative) from the wound edge were calculated and plotted using PRISM. In Fig. 5 , line scans were drawn, and kymographs built using ImageJ. Inward flow rates were calculated from kymographs where line scans were drawn from the edge of cells, and EGFP-actin pixels were tracked for at least 10 frames, and their rates of movement were calculated. Rates of flow were calculated from 30 cells for each cell line.
In vitro severing reactions
Actin filament severing assays in the presence of cofilin were performed by imaging single actin filaments in perfusion chambers as described (63) . Briefly, a 2 M solution of actin containing 20% Cy5-labeled actin was polymerized in 1ϫ KMEI buffer for 4 min and then introduced into perfusion chambers that were previously blocked with saturated casein solution contain 0.5% Tween 20 and 0.2% Pluronic F-127. After introducing the filaments into the chamber, the chamber was washed once with 1ϫ KMEI containing glucose, glucose oxidase, catalase, and Trolox to limit photobleaching and 0.5% methylcellulose to hold the filaments in the plane of the microscope. This solution was then replaced with solutions containing 4 M human cofilin-1 and increasing concentrations of tropomyosin that had been purified from chicken gizzards as described previously (64) . A time-lapse movie was then acquired using a ϫ63 1.4 N.A objective on a Zeiss Axioscope M1 with Colibri LED illumination and a Hamamatsu Orca digital camera. Images were acquired using Zeiss software and severing events quantified using FIJI software.
Pyrene actin assembly assays
Pyrene actin assembly assays were performed as described previously (75) . To prepare pyrene actin, a 50 M solution of G-actin in G-buffer (5 mM Tris, pH 8.0, 0.2 mM CaCl 2 , 0.2 mM ATP, 0.5 mM DTT) was dialyzed into the same buffer lacking DTTtoremovefreesulfhydryls.A2Msolutionofpyreneiodoacetamide was prepared in DMSO and added dropwise to the dialyzed solution of G-actin to a final concentration of 55 M pyrene while vortexing. After the pyrene was added, 100 mM KCl, 2 mM MgCl 2 , and 1 mM ATP were added. The tube was covered in foil and allowed to react overnight with gentle tumbling at room temperature. After 16 h, the actin filaments were recovered by centrifugation for 20 min at 150,000 ϫ g in a Beckman TLA100.3 centrifuge rotor. The supernatant was discarded, and the labeled F-actin pellet was suspended in G-buffer and dialyzed against the same in the dark. Following dialysis, the labeled G-actin was centrifuged for 20 min at 200,000 ϫ g in a TLA100.3 rotor to remove insoluble material. The protein concentration and percent labeling were determined using 344 nm to measure the optical density of pyrene and 290 nm to measure the optical density of actin. Total actin concentration was determined using Equation 1, nM͑actin͒ ϭ ͑OD 290 Ϫ 0.127OD 344 ͒/26.6 mM Ϫ1 cm Ϫ1 (Eq. 1)
Using an extinction coefficient of 22,000 M Ϫ1 cm Ϫ1 for pyrene, the pyrene/actin ratio was calculated using pyrene/actin ϭ (OD 344 /22.0)/mM actin.
Labeling ratios were always between 0.8 and 0.9
To measure actin assembly kinetics, pyrene-labeled G-actin was mixed with unlabeled G-actin to 20% pyrene label, final. This solution was then diluted down to 20 M with G-buffer. Polymerization reactions were conducted in a final volume of 200 l containing a final concentration of 1 M pyrene actin and varying concentrations of cofilin, tropomyosin, or ␣-ac-␣-Actinin suppresses stress fibers tinin. For each reaction, 10 l of actin was mixed with water and the other proteins to a final volume of 180 l. Polymerization was induced by adding 20 l of 10ϫ polymerization buffer (200 mM imidazole, pH 7.4, 500 mM KCl, 10 mM MgCl 2 , 10 mM ATP, 10 mM EGTA). Polymerization was monitored on a fluorescent plate reader (Spectramax M2, Molecular Devices) using EM ϭ 365 nm and EX ϭ 410 nm.
In vitro actin binding reactions
␣-Actinin and tropomyosin competition assays were performed in 50-l reactions. 5 M actin was used for all reactions in KMEI buffer. For Fig. 8C , tropomyosin was held constant at 1 M, and actinin concentration was increased from 0 to 3 M. For Fig. 8E , actinin was held constant at 1 M, and tropomyosin was increased from 0 to 3 M. Proteins were added together, and actin was polymerized for 15 min and centrifuged at 65,000 rpm in a Beckman TLA-100 rotor. The supernatants were removed, and SDS loading buffer was added. SDS loading buffer was also added to the pellets and allowed to solubilize the pellets overnight, and then 1ϫ KMEI was added to the pellets. The samples from the pellets were then run out on a 10% SDSpolyacrylamide gel and stained with Coomassie Blue. After destaining, the gels were scanned, and ImageJ was used to quantify the intensity of the bands for the plots in Fig. 7 , D and F. The spin downs were repeated three times, and representative gels and quantification are shown.
